Knight WD, Little JT, Carreno FR, Toney GM, Mifflin SW, Cunningham JT. Chronic intermittent hypoxia increases blood pressure and expression of FosB/⌬FosB in central autonomic regions. Chronic intermittent hypoxia (CIH) models repetitive bouts of arterial hypoxemia that occur in humans suffering from obstructive sleep apnea. CIH has been linked to persistent activation of arterial chemoreceptors and the reninangiotensin system, which have been linked to chronic elevations of sympathetic nerve activity (SNA) and mean arterial pressure (MAP). Because Fos and FosB are transcription factors involved in activator protein (AP)-1 driven central nervous system neuronal adaptations, this study determined if CIH causes increased Fos or FosB staining in brain regions that regulate SNA and autonomic function. Male Sprague Dawley rats were instrumented with telemetry transmitters for continuous recording of MAP and heart rate (HR). Rats were exposed to continuous normoxia (CON) or to CIH for 8 h/day for 7 days. CIH increased MAP by 7-10 mmHg without persistently affecting HR. A separate group of rats was killed 1 day after 7 days of CIH for immunohistochemistry. CIH did not increase Fos staining in any brain region examined. Staining for FosB/⌬FosB was increased in the organum vasculosum of the lamina terminalis (CON: 9 Ϯ 1; CIH: 34 Ϯ 3 cells/section), subfornical organ (CON: 7 Ϯ 2; CIH: 31 Ϯ 3), median preoptic nucleus (CON 15 Ϯ 1; CIH: 38 Ϯ 3), nucleus of the solitary tract (CON: 9 Ϯ 2; CIH: 28 Ϯ 4), A5 (CON: 3 Ϯ 1; CIH: 10 Ϯ 1), and rostral ventrolateral medulla (CON: 5 Ϯ 1; CIH: 17 Ϯ 2). In the paraventricular nucleus, FosB/⌬FosB staining was located mainly in the dorsal and medial parvocellular subnuclei. CIH did not increase FosB/⌬FosB staining in caudal ventrolateral medulla or supraoptic nucleus. These data indicate that CIH induces an increase in FosB/⌬FosB in autonomic nuclei and suggest that AP-1 transcriptional regulation may contribute to stable adaptive changes that support chronically elevated SNA.
sympathetic nerve activity; chronic intermittent hypoxia PATIENTS WITH OBSTRUCTIVE sleep apnea (OSA) demonstrate significantly elevated muscle sympathetic nerve activity (SNA) that has been linked to increased risk of cardiovascular complications, including hypertension (10, 60) . A consistent observation is that the exaggerated SNA associated with OSA is maintained even during periods of the day when patients are awake and normoxic. Importantly, Continuous positive airway presssure (CPAP) therapy during sleep reduces the elevation of SNA and lowers mean arterial pressure (MAP) among CPAPtolerant patients (10, 22) . These findings suggest that increased sympathetic tone and arterial hypertension associated with OSA are likely due to repetitive bouts of arterial hypoxemia, sleep disruptions, or both (45) .
In 1992, Fletcher and colleagues (15) introduced an animal model to study effects of arterial hypoxemia associated with OSA. They exposed conscious rats to bouts of hypoxia during the nocturnal period by repetitively lowering the level of ambient oxygen. This model of chronic intermittent hypoxia (CIH) (15) produces a rapid increase in MAP that is sustained throughout the diurnal cycle. Increased arterial pressure associated with CIH is dependent on SNA (2, 34) , the reninangiotensin system (13, 16) , and peripheral arterial chemoreceptors (14, 34) . CIH also alters central respiratory control (1, 41, 48) , enhances SNA responses to acute hypoxia (17, 29) , and increases stress-induced adrenocorticotropic hormone release (36) . While the effects of CIH on arterial chemoreceptor in the carotid bodies have been characterized (10, 44) , the central neural mechanisms responsible for persistent sympathoexcitation and elevation of blood pressure remain unclear.
Immunohistochemical staining for Fos, a member of the activator protein (AP)-1 transcription factor family, has been widely used as an indicator of acute activation in the central nervous system (CNS) (7, 24, 43) . Previous studies have used Fos staining as a marker for acute neural activation mediated by chemoreceptors (4, 11, 21, 27, 54, 56) and exposure to CIH (18, 55) . Along with other transcription factors such as hypoxia-inducible factor-1, NFAT, and NF-kB, Fos expression has been shown to increase in response to in vitro and in vivo exposure to intermittent hypoxia (44, 51) . Recent studies indicate that inducible accumulation of FosB, and/or its more stable splice variant ⌬FosB, is an indicator of chronic or intermittent activation of the CNS (24, 46) . In the present study, we examined Fos and FosB/ ⌬FosB in CNS regions related to autonomic function in adult male rats exposed to a 7-day CIH protocol. This protocol has been previously reported to alter synaptic function and visceral afferent integration in the nucleus of the solitary tract (NTS) (9, 61) and to increase MAP after 1 day of intermittent hypoxia exposure (25) .
METHODS

Animals.
Adult male Sprague-Dawley rats (250 -350 g; Charles River) were individually housed and maintained on a 14:10-h lightdark cycle and provided with ad libitum access to food and water. Animal procedures were conducted according to National Institutes of Health guidelines, and were approved by the Institutional Animal Care and Use Committee at the University of North Texas Health Science Center and the University of Texas Health Science Center at San Antonio.
Telemetry monitoring of blood pressure and heart rate. A Dataquest IV radiotelemetry system (Data Sciences, St. Paul, MN) was used to continuously record MAP and heart rate (HR). With the use of gas anesthesia (isoflurane 2%), rats were implanted with an abdominal aortic catheter attached to a TA11PA-C40 radiotelemetry transmitter. The transmitter was secured to the abdominal muscle and remained in the abdominal cavity for the duration of the experiment. Two weeks were allowed for recovery from surgery. Blood pressure measurements obtained during a 10-s sampling period (500 Hz) were averaged and recorded every 10 min. Signals from radiotransmitters were measured at atmospheric pressure preoperatively and postmortem to quantify and correct for any signal drift over the course of the protocol (25) . In most cases, no postmortem offset adjustments were required.
CIH protocol. After postsurgical recovery, rats individually housed in their home cages were relocated to custom-built Plexiglas chambers 1 wk before beginning the treatment period as previously described (25) . Rats were allowed to acclimate to the chambers at normoxia (21% O 2) for 4 days before recording baseline cardiovascular data for 3 days. Thereafter, rats were exposed to CIH for 7 days from 0800 to 1600 h. The O2 concentration in the chambers was regulated using custom-built user-controlled timers that separately switched the flow of room air and nitrogen into each chamber. Flow rates of room air and nitrogen to each chamber were controlled separately using individual flow meters (University of Texas Health Science Center at San Antonio Instrumentation Services). The CIH protocol was as follows: 1) O 2 was reduced from 21 to 10% in 105 s, 2) O2 was held at 10% for 75 s, 3) O2 was returned to 21% in 105 s, and 4) O2 was held at 21% for 75 s. Accordingly, each complete cycle lasted 6 min, allowing for 80 cycles/day. Chambers were maintained at 21% throughout the remainder of the light phase (2 h) and the dark phase (14 h). Control (CON) animals were housed in identical cages in the same room and were exposed to the same ambient noise and lighting conditions as rats exposed to CIH.
Immunohistochemistry. Separate groups of CON and CIH rats were used for immunohistochemistry experiments. The morning after the last CIH exposure, rats were anesthetized with thiobutabarbital (100 mg/kg ip Inactin; Sigma), and a 1-to 2-ml sample of whole blood was collected via cardiac puncture for measurement of plasma osmolality and hematocrit as previously described (30) . Plasma osmolality was measured using a vapor pressure osmometer (Wescor, Logan, UT).
Rats were perfused transcardially with PBS followed by 4% paraformaldehyde. Brains were postfixed for 1-2 h followed by cryoprotection in 20% sucrose (PBS) at 4°C until the brains sunk. Three sets of coronal 40-m sections were preserved in cryoprotectant and stored at Ϫ20°C to be processed at a later time.
Separate sets of serial sections from each rat were processed for either Fos (1:30,000 rabbit anti-c-Fos Ab5; Calbiochem, San Diego, CA) or FosB [1:1,000 rabbit anti-FosB (102); Santa Cruz Biotechnology, Santa Cruz, CA] immunohistochemistry as previously described (30) . The anti-FosB antibody used in this study does not discriminate full-length FosB from the splice variant ⌬FosB. Therefore, results will be referred to as FosB/⌬FosB staining (30) . Both sets were processed separately with a biotinylated horse anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) and reacted with an avidin-peroxidase conjugate (Vectastain ABC Kit; Vector Laboratories) and PBS containing 0.04% 3,3=-diaminobenzidine hydrochloride and 0.04% nickel ammonium sulfate for 10 -11 min. Brain stem sections were then processed for dopamine-␤-hydroxylase (DBH) immunofluorescence using a commercially available mouse anti-DBH primary antibody (1:1,000; Millipore, Billerica, MA) and a CY3-labeled anti-mouse secondary antibody (1:250; Jackson Immu-noResearch, West Grove, PA).
Tissue sections were inspected using an Olympus microscope (BX41) equipped for epifluorescence and an Olympus DP70 digital camera with DP manager software (version 2.2.1). Images were uniformly adjusted for brightness and contrast. Regions were identified using the rat brain stereotaxic atlas of Paxinos and Watson (47) . Fos or FosB/⌬FosB-positive cells in each region were counted using ImageJ. Four to six sections were analyzed from each rat for each region except for the organum vasculosum of the lamina terminalis (OVLT), median preoptic nucleus (MnPO), and subfornical organ (SFO) because of the limited rostral-caudal dimensions of these areas. The subregions of the paraventricular nucleus (PVN) were analyzed separately as previously described (57) . Counts from each section were averaged for each brain region. The doromedial hypothalamus and the perifornical area were not included in the regions analyzed for technical reasons.
Within the brain stem, the portion of NTS analyzed was from 300 m caudal to obex extending rostrally 300 -400 m beyond the area postrema (53) . This area corresponds to Ϫ13.2 to Ϫ14.6 mm posterior to bregma according to the atlas of Paxinos and Watson (47) . The anterior border of the rostral ventrolateral medulla (RVLM) was defined by the caudal pole of the facial nucleus, and the rostral hypoglossal nucleus was used for the posterior border (53) , which corresponds to Ϫ11.6 to Ϫ13.7 posterior to bregma (47) . Fig. 1 . Effect of 7 days of chronic intermittent hypoxia (CIH) on mean arterial pressure (MAP) and heart rate (HR) during the light phase (left) and the normoxic dark phase (right). All rats were normoxic for 3 days of baseline (bs). Data shown for the light phase are mean pressures from 0800 to 1600 h during CIH (ih). Following CIH exposure, rats were allowed to recover for 3 days (p). Animals in subsequent experiments were killed on the morning following ih7. CON, control. *P Ͻ 0.05 vs. control; n ϭ 6 -8 rats.
Images of FosB/⌬FosB and DBH double labeling were collected using an inverted confocal microscope (Olympus IX50) equipped with a disk spin unit (IX2-DSU; Olympus), a motorized stage, and a mercury lamp epifluorescence system. Images of FosB/⌬FosB staining were collected using bright field illumination. Images were inverted and adjusted to remove background artifacts. Inverted images were pseudocolored and merged with an image of DBH staining of the same field obtained using the same procedure. Because FosB/⌬FosB staining (green) is restricted to the nucleus and DBH staining (red) is cytoplasmic, colocalization does not often merge to a uniform yellow appearance. Therefore, cells with green nuclei and red cytoplasm were counted as double labeled. The distribution of FosB/⌬FosB, DBH, and double-labeled cells in the NTS and ventrolateral medulla was mapped using an Olympus BX51 microscope equipped for epifluorescence, a Hamamatsu ORCA-ER-150 CCD (Leeds Instruments, Dallas, TX), and a motorized stage (Microbrightfield, Williston, VT). Images were collected, and composites were created using Neurolucida software (version 8; Microbrightfield).
Data analysis and statistics. Effects of CIH on MAP during the dark phase and during the 8-h period of CIH exposure were analyzed separately by two-way repeated-measures ANOVA. Student-Neumann-Keuls post hoc tests were used to identify differences between groups for each phase of each day. The significance level was P Ͻ 0.05.
Fos and FosB/⌬FosB counts were analyzed by one-way ANOVA with the Student-Newman-Keuls t-test for post hoc analysis. Significance was set at P Ͻ 0.05. All values are presented as means Ϯ SE.
RESULTS
Effects of CIH on MAP, HR, and hematology. CIH significantly increased MAP throughout the 7-day protocol. This effect was observed in both the light phase when the treatment was being applied and during the normoxic dark phase (Fig. 1) .
MAP returned to baseline 2 days after the end of the 7-day CIH treatment in both the light and dark phase. Animals in subsequent experiments were killed on the morning of the first day of recovery. During CIH, mean HR did not change significantly from baseline during the light or dark phases. CIH also significantly increased hematocrit above normoxic controls (CON: 45.6 Ϯ 0.9%; CIH: 49.6 Ϯ 0.3%; P Ͻ 0.05). However, osmolality was unaffected (CON: 294 Ϯ 2 mosmol/l; CIH: 297 Ϯ 1 mosmol/l; P Ͼ 0.05).
Effects of CIH on Fos staining. No increase in Fos expression was detected in structures of the lamina terminalis (SFO, OVLT, MnPO), PVN, or hindbrain nuclei following CIH (Fig. 2) . Because brain tissue was obtained Ͼ16 h after the last episode of intermittent hypoxia, the lack of Fos staining is not surprising, since Fos expression generally subsides within several hours of withdrawal of a typical acute or chronic stimulus (42) .
Effects of CIH on forebrain FosB/⌬FosB staining. CIH significantly increased the numbers of FosB/⌬FosB-positive cells in the lamina terminalis but not in the supraoptic nucleus ( Fig. 3 ). Within the lamina terminalis region, the OVLT, SFO, and MnPO all demonstrated increased FosB/⌬FosB staining after CIH. Both the dorsal and ventral MnPO showed significant FosB/⌬FosB staining in CIH rats. Representative images of staining in the OVLT, SFO, and ventral MnPO are also shown in Fig. 3 .
Within the PVN, CIH significantly increased FosB/⌬FosB staining in the dorsal and medial parvocellular subdivisions at all rostrocaudal levels examined (Fig. 4) . Staining was also observed in the lateral parvocellular subregion of caudal PVN (Fig. 4) . A small but significant increase in FosB/⌬FosB staining was detected in rostral lateral magnocellular PVN neurons but not in other caudal magnocellular subregions (see Fig. 4 , levels 1 and 2). Effects of CIH on hindbrain FosB/⌬FosB staining. CIH also significantly increased FosB/⌬FosB-positive cells in the NTS, RVLM, and A5 region but not the caudal ventrolateral medulla or area postrema (Fig. 5 ). Figure 6 shows FosB/⌬FosB staining in noradrenergic cells of the A5 regions. Figure 7 shows that staining in the NTS was located bilaterally in the caudal and subpostremal portions of the nucleus. A moderate but statistically significant increase in FosB/⌬FosB staining also was observed in DBH-positive neurons of the caudal NTS (CON: 2.3 Ϯ 1.0 cells/section; CIH: 5.4 Ϯ 1.0 cells/section; P Ͻ 0.02; n ϭ 5/group). Although the FosB/⌬FosB-positive cells in the RVLM were intermingled with DBH-positive neurons, CIH was not associated with significant double labeling in this region (CON: 1.6 Ϯ 1; CIH: 2.4 Ϯ 0.5). Maps demonstrating the anatomical location of FosB/⌬FosB, DBH, and double labeling for the ventrolateral medulla from a representative control and CIH-treated rat are also shown in Fig. 7 .
DISCUSSION
The main findings of this study are that CIH increased FosB/⌬FosB staining in several brain regions involved in endocrine and autonomic control. This coincided with the persistent increase in MAP produced by CIH in a separate group of rats. Hypoxic episodes did produce transient tachycardias that were quickly reversed during the intervening bouts of normoxia. Thus the average HR in the light phase was not elevated significantly compared with controls, and there was no persistent effect of CIH on dark-phase HR. On the other hand, the increases in MAP and FosB/⌬FosB staining are present for at least 16 h after the last episode of intermittent hypoxia. Fos staining was not increased significantly in these regions, as previously reported (36) . In the present study, we used a 7-day CIH protocol that significantly increased darkphase MAP after 1 day of intermittent hypoxia. Whereas other laboratories have shown similar increases in arterial pressure using longer protocols (12, 51), a 7-day protocol was used to facilitate identification of possible mechanisms that contribute to the initial increase in sympathetic outflow before overt changes in end-organ function. Fletcher et al. (13) has reported that there is no further increase in arterial pressure after 7 days up to 35 days of CIH. Whether the relatively short protocol duration contributed to the lack of Fos staining in the current study remains to be determined. Nevertheless, these findings are consistent with the reported time courses of Fos and FosB/⌬FosB expression (28, 42) and suggest that exposure to CIH leads to an accumulation of FosB/⌬FosB immunoreactive protein among the populations of neurons examined.
FosB/⌬FosB are members of the AP-1 family of transcription factors (24, 46) . Along with Fos, FRA-1, and FRA-2, FosB proteins heterodimerize with Jun proteins to regulate the activity of genes containing the cognate AP-1 regulatory site TGS(C/G)TCA (24) . These heterodimers have been shown to produce transactivation or suppression of AP-1-regulated genes. Jun proteins are reported to have high basal expression in several regions of the CNS (24, 46) . Like Fos, FosB and its splice variants have low constitutive expression in the CNS and are induced following synaptic activation (7, 24, 46) . FosB and its more stable splice variant ⌬FosB have a longer time course and more stable expression relative to Fos and therefore can accumulate in association with intermittent or chronic stimulation (24, 46) .
Changes in FosB expression related to CIH are also of interest because FosB/⌬FosB has been linked to neural plasticity (24, 46) . Nestler and colleagues first identified the stability of ⌬FosB (5) and demonstrated that fosB knockout mice fail to develop drug sensitization (26) . Studies in the nucleus accumbens using virally mediated gene transfer have identified a number of downstream target genes that are regulated by ⌬FosB, which include glutamate receptor (GluR) subunits and cell signaling proteins (39) . Vialou et al. (59) have shown that fosB regulation of GluR2 in the nucleus accumbens is critical to the development of behavioral resilience in mice. These observations suggest that FosB/⌬FosB, through its stability and transcriptional regulatory activity, may mediate adaptive processes in the nervous system.
Different intermittent hypoxia paradigms have been shown to produce acute and chronic adaptations in central control of respiratory and autonomic function (19, 41, 52) . Malik et al. (37) demonstrated that the respiratory adaptations produced by continuous hypobaric hypoxia are compromised in fosB knockout mice. Therefore, as in drug addiction and episodic seizure, FosB/⌬FosB may play a functional role in regulating changes in gene expression in neural networks involved in cardiorespiratory function. For example, FosB/⌬FosB may contribute to CIH-induced changes in neuronal function that produce neurogenic hypertension (2, 15) , exaggerated stress responses (36) , and hypersensitivity of autonomic pathways (1, 19, 61) .
Areas demonstrating significant increases in FosB/⌬FosB staining included regions of NTS that receive primary afferents from arterial chemoreceptors and baroreceptors, as well as the parvocellular PVN and RVLM, which contain neurons that project to sympathetic preganglionic neurons in the spinal cord. Previous studies have shown that CIH is associated with changes in chemoreceptor and baroreceptor afferent activity that could contribute to chronic activation of NTS (33, 35, 52) . It is also possible that increased FosB/⌬FosB staining in NTS is secondary to the increase in MAP associated with CIH. We also observed increased FosB staining in DBH-positive neurons in the NTS, suggesting that A2 neurons also are chronically/intermittently activated by CIH. Catecholaminergic neurons in the NTS have been shown to express Fos and to increase their firing rate in response to acute hypoxia (4, 20) . Such neurons could contribute to effects of CIH on autonomic and endocrine function through their afferent projections to the hypothalamus (36) .
Similarly, chronic or intermittent activation of the PVN and RVLM could contribute to increased sympathetic outflow associated with CIH as well as enhanced autonomic and neuroendocrine responses following CIH. The role of these regions in central autonomic function is well established (8, 20) , and recent studies indicate that PVN projections to the RVLM contribute to increased arterial pressure and respiratory control in CIH-exposed rats (31, 32) .
Whereas areas such as NTS and PVN have been shown to be acutely influenced by carotid body chemoreceptor activation (6, 8) , increased FosB/⌬FosB staining was also observed in the lamina terminalis. A previous report on CNS effects of acute chemoreceptor activation or hypoxia did not report increased Fos staining in the lamina terminalis (8) .
Studies have reported that the renin-angiotensin system contributes to increased arterial pressure associated with CIH in adult rats (13, 16) . Furthermore, chronic losartan treatment has been shown to prevent increases in SNA and changes in carotid body function associated with CIH (38) . Although additional research concerning the contribution of the reninangiotensin system in hypertension associated with CIH is needed, it seems reasonable to speculate that increased FosB staining in the lamina terminalis could be due to activation of the renin-angiotensin system, which has been reported to acutely increase Fos in the lamina terminalis (40, 50) . The lamina terminalis could contribute to increased sympathetic outflow during CIH through projections to the PVN. Electrophysiological evidence indicates that MnPO neurons that project to the PVN are activated by circulating ANG II (58) . The ventral portion of the lamina terminalis is part of the anteroventral third ventricular region (AV3V), which has been shown to be involved in many different forms of experimental hypertension (3) . More recent studies have focused on the role of specific AV3V nuclei in autonomic regulation and blood pressure control. For example, lesions of the MnPO or the SFO have been shown to attenuate angiotensin-dependent hypertension (23, 49) . Thus the reninangiotensin system could influence sympathetic outflow during CIH not only through its effects on the carotid body but also through the lamina terminalis.
Perspectives and Significance
Like dehydration and drug administration, CIH stimulates the accumulation of FosB/⌬FosB in CNS neurons comprising autonomic regions that participate in several models of hypertension and cardiovascular disease. However, the accumulation of FosB/⌬FosB was neither limited to regions receiving arterial chemosensory input nor to autonomic motor regions. This suggests that multiple CNS mechanisms may be involved in physiological responses to CIH. Given the role of FosB/⌬FosB in neural plasticity, its presence in these regions may also be an indication of altered translational activity that could affect cell signaling and synaptic activity.
